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Sammut et al., 1995; Suga et al., 2001), and is sometimes
large even when the primary SOL response is small (Erte-
kin et al., 1995). In addition, the SLR is enhanced when
standing is made difficult and is diminished by contracting
the SOL (Ertekin et al., 1995; Sammut et al., 1995; Suga
et al., 2001) or when the ankle is immobilized (Sammut
et al., 1995). The SLR cannot be elicited by stimulating
the brainstem or lumbar root (Ertekin et al., 1995; Suga
et al., 2001). These properties indicate that the SLR is
related to postural control, and that it could be a polysyn-
aptic response of the agonist and antagonist organization
system (Ertekin et al., 1995; Suga et al., 2001).

It is well known that the cerebellum plays an important
role in the control of postural balance (Holmes, 1922). In
our previous study (Suga et al., 2001), abnormal SLRs
were detected in patients with cerebellar ataxia, including
some patients with multiple system atrophy or other dis-
eases in which extracerebellar systems were also involved.
From these results, it is necessary to elucidate whether
the cerebellofugal pathway or cerebellopetal pathway is
responsible for the generation of the SLR.

Cerebellar signs are detected in nearly 100% of spinocer-
ebellar ataxia type 6 (SCA 6) and late cortical cerebellar
atrophy (LCCA) patients, whereas extracerebellar signs
are mild and infrequent (Matsumura et al., 1997; Takah-
ashi et al., 2004). However, central motor conduction time
(CMCT) has been found to be prolonged in SCA6 patients
(Chen et al., 2004; Lee et al., 2003), suggesting subclinical
dysfunction of the pyramidal tract. Therefore, the purpose
of this study was to determine the influence of the cerebel-
lofugal pathway on the SPRs and SLRs elicited by TMS in
patients with SCA 6 and LCCA.

2. Methods
2.1 Subjects

Nine patients (6 men and 3 women, ages 50-69 years)
with cerebellar ataxia and 11 healthy subjects (5 men and
6 women, ages 50-64 years) were studied. Genetic analysis
was performed on all patients: 5 were diagnosed as having

SCA 6, while 4 had LCCA. All of the patients had mild to
moderate limb and truncal ataxia (Table 1), but hyperre-
flexia, Babinski sign and extrapyramidal signs were not
found. Three patients with localized cerebellar lesion were
also tested: two of these had cerebellar arteriovenous mal-
formation (AVM) and one had cerebellar infarcts (Table
2). These patients showed mild to moderate cerebellar
ataxia but pyramidal or extrapyramidal signs were not
present. Informed consent was obtained from each patient
after the nature of genetic analysis and experiment had
been fully explained. The experimental procedures were
approved by the Ethics Committee of Graduate School
of Medical Sciences, Kyushu University.

2.2. Magnetic cortical stimulation and electromyography
(EMG) recording

The recording techniques have been described in detail
(Suga et al., 2001). Briefly, a pair of surface EMG elec-
trodes were placed about 3 cm apart over the long axis of
the tibialis anterior (TA) and SOL muscles bilaterally.
The EMG activity was bandpass filtered between 20 Hz
and 3 kHz and amplified to 0.5-1.0 mV/div at a sampling
rate of 1.7 kHz (Neuropack 8, Nihon Kohden).

A Magstim 200 magnetic stimulator (The Magstim
Company) with a double-cone coil was placed with the
center over the vertex, with the current flow in the brain
being induced in an anterior—posterior direction. The
strength of contraction of the TA or SOL muscles was
controlled by monitoring prestimulus EMG activities by
Neuropack 8, and more accurately with the real-time inte-
grated EMG amplitude monitor using a personal com-
puter (NEC). The stimulus intensity was changed in 5%
steps of the maximum stimulator output. The MEPs from
the TA and SOL were obtained at least four times for
each condition. The two most stable responses were used
for analysis. The onset latency was measured as the fastest
latency of the four compound muscle action potentials
(CMAPs) of each muscle, while the peak-to-peak ampli-
tude was measured from the average of the two fastest
responses (Suga et al., 2001).

Table 1
Demographic characteristics and the results of SLR in ataxic patients
Case No. Diagnosis Age Sex Cerebellar ataxia SLR

Trunk Lower limb (R/L) Threshold (% output) Lying Standing
1 SCA 6 50 M -3 -1/-2 45 N/N N/N
2 SCA 6 54 F -2 -1/-1 70 N/N A/A
3 SCA 6 64 M -2 -3/-2 >75 A/A A/A
4 SCA 6 59 M -2 -1/~1 >75 A/A A/A
5 SCA 6 57 M -1 -2/-2 50 N/N A/A
6 LCCA 69 M -1 -1/-1 >75 ’ A/A D/N
7 LCCA 51 F -0.5 —-0.5/-0.5 60 N/A A/A
8 LCCA 54 M -1 —2/-2 60 N/N A/A
9 LCCA 63 F -2 -3/-3 60 N/N A/A

Ataxia: mild (=0.5 to —1), moderate (-2 to —3), severe (—4); R, right; L, left; N, normal; A, absent; D, delayed.
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Table 2

Demographic characteristics and the results of SLR in patients with a localized lesion of the cerebellum

Case No. Diagnosis Age at Age at Sex Lesion Cerebellar ataxia SLR ABR
examination  onset Trunk Lower limb (R/L) Threshold (%) Lying Standing

10 AVM 57 34 M Lt cerebellar hemisphere —3 N/-2 >75 N/N  A/A N.D.

1t AVM 33 32 M Lt cerebellum small N N/N 55 N/N N/N N

12 Infarct 77 75 F Rt. cerebellar -2 —1/N : 65 N/N  A/N N

hemisphere + lacunas

Ataxia: mild (—0.5 to —1), moderate (—2 to —3), severe (—4); R, right; L, left; N, normal; A, absent; N.D., not done.

ABR, auditory brainstem response.
2.3. Experimental procedures

Each subject was asked to lie in a supine position and to
keep the ankles dorsiflexed to about 20% of the maximum
TA contraction while the SLR threshold was determined
based on our previous study (Suga et al., 2001). When
the SLR threshold was determined, we did not use stimulus
intensities more than 75% of the maximum output of the
stimulating device to ensure subject comfort. Next, mag-
netic cortical stimulations were performed using an inten-
sity of 10% of the maximum stimulator output above the
SLR threshold in the lying and standing positions to obtain
the SPR and SLR (Sammut et al., 1995; Suga et al., 2001).
Thus the maximum intensity used to elicit the SLR in a
patient was 85% of the maximum stimulator output. We
measured the latency and amplitude of the SPR and SLR
in the lying and standing positions with a 20% TA volun-
tary contraction (standing on the heels). The SLR was
defined as abnormal when it was absent, or when the
latency of SLR exceeded the mean latency plus three stan-

Table 3

dard deviations (SD) of the normal control. The SPR and
primary TA responses were also defined as abnormal when
the latency exceeded the mean latency plus three SD of the

. normal control.

2.4. Data analysis

The Wilcoxon signed rank test was used to compare the
latencies and amplitudes of the SPR and SLR, between
lying and standing positions. The Mann-Whitney U-test
was used for the analysis of differences in latencies, ampli-
tudes and amplitude ratios of the SPR and SLR, in supine
and standing postures between patients and healthy con-
trols. A p-value <0.05 was considered to be statistically
significant. '

3. Results

The clinical findings of patients with cerebellar degener-
ation and the results of SPR and SLR data in the controls

SLR and SPR data in normal controls and cerebellar degeneration patients

Controls (n= 11)

Patients (n=9)

SPR amplitude (mV) Supine 034 = 0.13 . 031z 0.15
Standing 0.56 £ 037 1" 0.73 % 044 _I**
%
] |
Standing/supine 1.7+ 1.1 28+ 2.1
SPR latency (ms) Supine 259+ 30 285+ 2.6
I I
* %
Standing 250+ 34 281+ 22
I I
* ¥k
SLR amplitude (mV) Supine 0.55 + 0.59 . 047+ 036 (n=6)
Standing 041 = 0.61 023+ 0.15(n=2)
Standing/supine 0.74 = 04 046 (n=2)
SLR latency (ms) Supine 88.0+ 8.1 88.1+ 45(n=6)
Standing 862+ 7.2 989+ 19.0 (n=2)
TA amplitude (mV) Supine 200+ 1.0 196+ 1.1
Standing 223+ 1.0 1.94 + 0.95
TA latency (ms) Supine 257+ 24 259+ 3.7
Standing 256+ 26 267+ 27
Values are means & SD.
*p <0.05.
**p <0.01.
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and patients are shown in Tables 1 and 3. The mean ages of
controls and patients with cerebellar degeneration were
52.3 and 57.9 years, respectively; their mean heights were
160 and 161 cm, respectively. These differences were not
significant. MRI scans showed mild to severe cerebellar
atrophy without brainstem atrophy in all patients.

Representative examples of SPR and SLR while lying
and standing are shown in Fig. 1. Overall, an SPR was elic-
ited in all patients, whether in a lying or standing position.
SLRs were abnormal in patients, depending on the posture.
The SLR threshold was higher than 75% of the maximum
stimulator output in 3 out of 9 patients (Table 1), while no
control subject showed an SLR threshold that was more
than 75% of the maximum stimulator output
(62.3 + 5.6%, mean + SD).

The SPR amplitudes of both controls and patients were
significantly greater in a standing than in a lying position
(p <0.01). The SPR amplitudes were not significantly dif-
ferent between controls and patients, in either a standing
or lying position (Table 3). However, the amplitude ratio
of standing to lying position was significantly greater in
patients than in controls (p <0.05). In addition, the SPR
latency of patients was significantly longer than that of
controls in both conditions (p <0.01), but did not exceed
more than the mean control latency + 2 SD.

In normal controls, the SLR was easily elicited in all
limbs in both lying and standing positions, and the ampli-
tude of the SLR was significantly smaller in standing than
in a lying position (p < 0.01). On the other hand, the SLR
was absent from 4 patients in the lying position (or 7 of 18
limbs, 38.9%), while 8 patients (or 15 of 18 limbs, 83.3%)
showed abnormal SLR in the standing position (Table 1).
The amplitude and latency of the primary TA response
were not significantly different between controls and
patients, in either a supine or standing position (Table 3).
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Fig. 1. Representative SPRs, SLRs and primary TA responses while lying
(upper traces) and standing (lower traces). Two single trials are superim-
posed in each condition. The SLR is elicited in both lying and standing
positions in a control subject (left). By contrast, it is obtained in the lying
position, but not in the standing position, in a patient with cerebellar
degeneration (right).
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Fig. 2. Representative SPRs, SLRs and primary TA responses while lying
(upper traces) and standing (lower traces) from Case 12. Two single trials
are superimposed in each condition. The SLR is obtained in both sides in
the lying position but not in right side (left) in the standing position.

The results in patients with localized cerebellar lesions
defined by MRI are summarized in Table 2 (cases 10-12).
Case 10 was a patient with AVM and a concomitant aneu-
rysm. He was operated on when he was 34 years old. He
later underwent y-knife therapy at the age of 56. He
showed moderate truncal and left lower limb ataxia at
the time of the examination. The SLR threshold in this
patient was more than 75% of the maximum stimulator
output. The SLR of this patient was within the normal
range in the lying position, but an SLR could not be elic-
ited on either side when the patient was in the standing
position. Case 11 was also a patient with AVM, and this

Fig. 3. T2 weighted MRI of Case 12. Right cerebellar infarctions with
small pontine lesions are shown.
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patient received y-knife therapy at the age of 32. His only
symptom then was mild left upper limb ataxia. An SLR
was normally elicited in this patient on both sides, in both
lying and standing positions. Case 12 suffered right cerebel-
lar infarctions at the age of 75. She showed moderate trun-
cal and mild right lower limb ataxia at the time of the
examination. An SLR could not be elicited in the right
SOL of this patient when she was in the standing position
(Fig. 2). Her MRI revealed lesions in the right cerebellum
and several small pontine lesions (Fig. 3), but she did not
show pyramidal or extrapyramidal signs clinically. Her
auditory brainstem response was normal. The SPR laten-
cies of all 3 patients were normal.

4. Discussion

The SPR latency was unexpectedly prolonged in our cer-
ebellar degeneration patients without apparent pyramidal
signs, but it did not exceed more than the mean control
latency + 2 SD. There have been a few reports indicating
that a minority of patients with SCA 6 show extracerebellar
signs, including pyramidal tract signs (Frontali, 2001;
Geschwind et al., 1997; Gomez et al., 1997; Matsumura
et al., 1997; Schols et al., 1997; Takahashi et al., 2004).
In TMS studies, the CMCT has been found to be either
prolonged (Chen et al., 2004; Lee et al., 2003) or normal
(Sakuma et al., 2005; Schwenkreis et al., 2002) in SCA 6.
Lee et al. (2003) also reported that cortical relay time of
the long latency reflex was prolonged in SCA 6 patients,
and suggested that SCA 6 patients had dysfunctions of
the transcortical polysynaptic pathways from the sensory
to the motor cortices. In this study, the amplitudes and
latencies of the primary TA responses were not signifi-
cantly different between controls and patients in either a
supine or standing position. This finding and the slight
increase in SPR latency in ataxic patients suggest a subclin-
ical dysfunction of the pyramidal tract or motor cortex in
cases of cerebellar degeneration. What is the cause of the
pyramidal tract dysfunction in ‘pure’ cerebellar ataxia?
Sakuma et al. (2005) assumed that the reverse of crossed
cerebellar diaschisis could be responsible for this phenom-
enon. Crossed cerebellar diaschisis is a matched depression
of blood flow and metabolism in the cerebellar hemisphere
contralateral to a focal cerebral lesion. Similarly, subse-
quent hypoperfusion is detected in the cerebral hemisphere
contralateral to the cerebellar lesion in cases of crossed
cerebello-cerebral diaschisis (Broich et al., 1987, Komaba
et al., 2000). The dysfunction of the cerebellofugal pathway
to the primary motor cortex may result in pyramidal tract
dysfunction, which might cause the prolonged SPR latency
we observed.

The results of our previous study (Suga et al., 2001) sug-
gested that cerebellar function could influence the genera-
tion of the SLR, although a contribution from the
extracerebellar system could not be fully excluded. In the
present study, the SLR threshold of 3 patients with ‘pure’
cerebellar degeneration exceeded more than 75% of the

maximum stimulator output. Similarly, one patient with
a localized cerebellar lesion showed an elevated SLR
threshold. The frequency of patients with an abnormal
SLR was 38.9% in the lying position and 83.3% in the
standing position. In addition, the results of the three
patients with localized lesion of cerebellum showed that
the severity of ataxia appeared to be related to the abnor-
mal SLRs. From these results, we believe that the cerebel-
lofugal system contributes significantly to the generation of
SLRs. In accordance with this finding, we previously found
that SLRs are normal in patients with ALS (Suga et al.,
2001). This suggests that the SLR does not originate from
the corticospinal tract. Sakihara et al. (2003) reported that
repetitive TMS over the cerebellum evokes a small, late
potential (about 100 ms latency and amplitude <50 pV)
in the SOL in normal standing controls. They suggested
that this late response was conducted from the cerebellum
to the SOL via an as yet unknown descending pathway.
Therefore, it is possible that the SLR elicited by TMS over
the vertex and the late potential evoked by TMS over the
cerebellum share a common pathway. Because evoking
the SLR is a simple technique and is useful for pure cere-
bellar dysfunction, SLR could be a practical method to
apply for evaluating cerebellar function.

The postural inhibition of SLR amplitude was signifi-
cant in controls. In addition, the frequency of abnormal
SLRs was markedly increased in ataxic patients standing
on their heels. These results confirmed the effect of posture
on SLR. Ertekin et al. (1995) reported that when the stand-
ing position was stable, the SLR was difficult to elicit.
However, the SLR was enhanced when standing was made
difficult in normal subjects. Therefore, SLR is closely
related to postural control, which is significantly influenced
by posture and cerebellar function.

The postural facilitation of SPR amplitude was small
but significantly greater in patients with ataxia than in con-
trols, quite opposite to the differences in SLR. Our previ-
ous study also showed that there was no significant
correlation between the amplitudes of the SPR and SLR
(Suga et al.,, 2001) in normal subjects. These findings sup-
port the idea that the mechanism for SLR generation is dif-
ferent from that for SPR generation. Ackermann et al.
(1991) found a significant influence of posture on the
amplitudes of SPR in healthy subjects. They inferred that
the basic excitability of the motor neuron pool was
enhanced while standing. However, the mechanisms for
enhancing the SPR amplitude have not been fully
explained. Our results suggest that the cerebellum also con-
tributes to the postural facilitation of SPR. Ugawa et al.
(1995) reported that a prior TMS over the cerebellum sup-
pressed the MEPs of the hand muscle elicited by TMS over
the contralateral motor cortex in normal subjects. How-
ever, this suppression effect was not elicited in patients with
cerebellar dysfunction (Ugawa et al., 1995, 1997). There-
fore, enhanced SPR related to postural change may reflect
the degree of the inhibitory effect of the cerebellum on the
motor cortex depending on the body posture.
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In conclusion, abnormal SPR may reflect subclinical
dysfunction of the corticospinal tract due to crossed cere-
bello-cerebral diaschisis. The SLRs were depressed in
patients with SCA 6 and LCCA as well as in patients with
localized cerebellar lesions compared with healthy subjects.
This suggests that the cerebellum contributes significantly
to the evoking of SLR in association with postural control.
Therefore, both SPR and SLR can be useful parameters for
evaluating ‘pure’ cerebellar function.
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Aging may alter the motor functions of the basal ganglia and cerebellum;
however, no previous neuroimaging study has investigated the effect of
aging on the functional connectivity of the motor loops involving these
structures. Recently, using fMRI with a parametric approach and
structural equation modeling (SEM), we demonstrated a significant
functional interaction within the basal ganglia—thalamo-motor (BGTM)
loop during self-initiated (SI) finger movement in young normal subjects,
whereas cerebro-cerebellar (CC) loop was mainly invelved during
externally triggered (ET) movement. We applied this method to 12
normal aged subjects (53—72 years old) in order to study the effect of age
on BGTM and CC loops. Compared with the functional connectivity seen
in young subjects, SEM showed decreased connectivity in BGTM loops
during SI task, decreased interaction in the CC loop during ET task, and
increased connectivity within motor cortices and between hemispheres
during both types of tasks. These results suggest an age-related decline of
cortico-subcortical connectivity with increased interactions between
motor cortices. Aging effects on SI and ET movements are probably
caused by functional alterations within BGTM and CC loops.

© 2007 Elsevier Inc. All rights reserved.
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Introduction

It is well documented that normal aging is associated with
deterioration in cognitive (Grady, 2000; Hedden and Gabrieli,
2004; Mark and Rugg, 1998; Park et al., 2003) and motor
functions (Calautti et al., 2001; Mattay et al., 2002; Sailer et al.,
2000; Welford, 1988). In particular, slowing of motor movements
and loss of fine motor skills are characteristic motor alterations of
aging (Smith et al., 1999). The basal ganglia and cerebellum are
two groups of subcortical nuclei that have been regarded as
innate motor structures (Casini and Ivry, 1999; Ivry et al., 1988;
Laforce and Doyon, 2002; O’Boyle et al.,, 1996; Pastor et al.,
1992, 2004; Vakil et al., 2000), which might contribute to the
motor alterations of aging. Studies of postmortem tissue have
revealed a predominant decline with age in the motor systems of
the basal ganglia (Kaasinen et al., 2000; Mann and Yates, 1979;
Volkow et al., 1998) and the cerebellum (Andersen et al., 2003).
However, functional brain imaging studies have shown greater
activation not only in the striatum, thalamus and cerebellum but
also in the supplementary motor area, sensorimotor cortex and
ventral premotor cortex in normal aged subjects (Fang et al.,
2005; Hutchinson et al., 2002; Mattay et al., 2002; Wu and
Hallett, 2005; Ward and Frackowiak, 2003).

The connections of the basal ganglia and cerebellum are
organized into discrete circuits or ‘loops’ that reciprocally
interconnect a large and diverse set of cerebral cortical areas
with the basal ganglia and cerebellum (Alexander et al., 1990;
Middleton and Strick, 2000). From a functional point of view,
the basal ganglia should not be viewed in isolation, but, rather,
in the context of its connections to other brain areas within
these loops (Alexander et al,, 1990); the same consideration
applies to the cerebellum. However, no study has investigated
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the effect of aging on the dynamic functional organization of
the basal ganglia-thalamo—motor (BGTM) and cerebro-cerebel-
lar (CC) loops in vivo. Recently, using fMRI combined with a
parametric approach and structural equation modeling (SEM),
we demonstrated functional interactions within the BGTM loop
during self-initiated (SI) finger movement in normal young
subjects, whereas the CC loop was involved during externally
triggered (ET) movement (Taniwaki et al., 2003; 2006). The
present study applies the same methods in order to investigate
the effect of aging on the BGTM and CC loops in vivo. To
achieve this, we compared functional network models of healthy
young and old subjects.

Table 1

Parametric analysis of rate-dependent BOLD effects in young and aged subjects

T. Taniwaki et al. / Neurolmage 36 (2007) 1263-1276

Materials and methods
Participants

Twelve healthy aged subjects (mean age+SD, 62.9+7.0 years
old; range, 53-72 years old; 7 men and 5 women) participated in
the study. Data from 12 normal young subjects (mean age+SD,
249+ 1.5 years old; range, 23-29 years old; 9 men and 3 women)
(Taniwaki et al., 2006) were used for comparison. The subjects
were deemed healthy from their clinical histories, neurological
examinations and normal blood pressure. No subjects were taking
any medication that could affect brain excitability. For all subjects,

Young subjects

Old subjects

Main effect Linear effect Main effect Linear effect

Coordinates Coordinates Coordinates Coordinates

z X y z VA x y z z X y z Z x y z
SI movement
rPut 5.25 30 -12 -2 4.03 28 -6 0 3.63 22 -8 2 ns.
rGPi 2.08 18 -6 -4 3.29 10 -2 -2 3.85 20 -2 2 ns.
rv>L 4.48 10 -16 8 341 16 -14 16 4.31 14 -12 16 ns.
rVPL 4.54 14 -20 6 5.12 18 -22 6 3.14 12 -18 2 n.s.
rSMA 442 4 0 50 3.86 6 -2 40 3.85 2 0 54 n.s.
rSMC 6.09 36 =20 60 428 48 =20 52 4.86 40 -28 42 337 42 -12 54
rPMv 423 54 6 34 n.s. 3.72 58 4 34 3.50 40 -8 40
ICB 5.49 -28 =50 —28 n.s. 3.79 -24 —58 -24 2.92 -26 -74 -2
IDN 4.99 -14 -56 -22 n.s. 4.72 -12 -52 -18 n.s.
1Put ns. 2.69 -26 -14 4 3.66 =22 0 2 n.s.
1GPi n.s. 2.94 -12 0 0 3.77 -14 0 4 n.s.
IVL 3.97 -16 -8 12 n.s. 3.30 -14 =10 12 n.s.
IVPL 421 -14 -16 6 3.24 -12 =20 8 4.83 -18 -20 12 4.23 =22 -18 12
ISMA 5.39 -2 -2 54 3.34 -6 0 42 4.73 -6 0 50 ns.
ISMC 4.49 —64 -18 34 429 -40 —18 58 4.75 -42 -30 40 3.21 -52 -16 48
1IPMv 4,53 -58 4 38 2.73 -56 0 32 3.63 —54 8 42 3.19 -52 -8 38
rCB 425 26 -56 -26 4.08 26 -56 -26 4.47 28 -62 —26 ns.
DN 421 22 -62 -24 448 18 —54 =22 4.18 20 -52 -24 3.52 20 -60 -26
ET movement
rPut 3.91 30 -10 -2 n.s. 5.53 26 0 -2 n.s.
rGPi 3.08 18 -6 -2 n.s. 4.27 18 -6 2 n.s.
rVL 3.83 12 -18 0 n.s. 4.89 18 -16 14 n.s.
rVPL 3.25 12 -22 8 344 16 =22 12 4.92 12 =20 8 n.s.
rSMA 4.21 2 -2 54 n.s. 5.33 6 0 50 3.23 2 -4 48
rSMC 5.19 34 -14 56 3.82 46 -18 54 8.04 34 -16 56 2.89 48 =20 52
rPMv 3.58 54 2 34 2.99 52 2 38 5.24 56 4 32 2.70 52 -6 42
ICB 5.44 -32 -44 =30 3.94 =30 -54 =22 5.10 -30 —48 —26 3.88 -26 —68 -16
IDN 5.23 -20 —54 -22 3.92 -22 =50 =22 5.21 -12 -56 —24 3.30 -8 ~54 =22
1Put n.s. n.s. 5.88 -26 -18 2 n.s.
1GPi n.s. n.s. n.s. ‘ n.s.
IVL 3.83 -18 -12 18 2.98 -12 -12 12 5.78 -12 -6 8 n.s.
IVPL -3.09 -14 ~18 6 ns. 5.58 -10 —-16 6 n.s.
ISMA 3.40 -6 -2 44 n.s. 5.78 -6 0 48 ns.
ISMC 3.49 —64 =20 38 ns. 543 —42 -8 54 3.38 -50 -12 44
IPMv 3.83 -56 -4 36 ns. 3.94 —58 0 34 n.s.
rCB 3.29 26 -66 -24 n.s. 4.84 34 —46 —28 3.23 36 —66 -18
rDN 4.13 22 =52 =22 ns. 5.01 24 =50 —24 3.83 16 -52 -20

Z-values refer to activation maxima within the respective region, p <0.001 uncorrected, height threshold Z>3.09 or p<0.01 uncorrected, Z>2.33 in linear effect:
SPM coordinates in parenthesis; n.s. =activation below height threshold, Put=putamen, GPi=internal segment of globus pallidus, VL =ventrolateral nucleus of
thalamus, VPL=ventro—posterior—lateral nucleus of thalamus, SMA =supplementary motor area, SMC=sensorimotor cortex, PMv=ventral premotor cortex,
CB=anterior lobe of the cerebellar hemisphere, DN=dentate nucleus of the cerebellum, r=right, I=Ileft; in this and subsequent tables.
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Fig. 1. A diagram illustrating the major cortical and subcortical structures
involved in the sequential finger movements of SI and ET tasks, and their
interconnections. These structures are organized into a basal ganglia—
thalamo—motor loop, a cerebello-cerebral loop and connectivity within
motor cortices. Abbreviations: Put, putamen; GPi, interal segment of the
globus pallidus; VL, ventrolateral nucleus of the thalamus; VPL, ventro--
posterior—lateral nucleus and X area of the thalamus; SMA, supplementary
motor area; SMC, primary sensory-motor cortex; PMyv, ventral premotor
cortex; CB, cerebellar hemisphere (anterior lobe); DN, dentate nucleus of the
cerebellum. r=right, |=left in this and subsequent figures.

no significant pathological change was found by anatomical T1-
and T2-weighted MRI, although there were some changes due to
normal aging. All subjects were strongly right-handed as assessed
by a modified version of the Edinburgh handedness inventory
(Oldfield, 1971). Informed written consent was obtained from all
subjects for participation in this study. The local ethical committee
of Kyushu University approved this study.

Experimental design

The activation paradigm consisted of sequential movements
performed with the left hand as previously described (Taniwaki et
al., 2003; 2006). We intended to reveal the movement-rate-related
activity but not simple repetitive or externally cued movements.
From our previous study (Taniwaki et al., 2003; 2006), sequential
or internally cued movement could indicate movement-rate-related
activity of the basal ganglia. Non-dominant hand movements cause
a greater recruitment of the striatum (Mattay et al., 1998) and
cerebellum (Jancke et al., 1999). Thus, we used sequential finger
movements in the left hand.

Subjects were instructed to move each finger with changing
movement rates. They were then required to practice the tasks before
they were scanned, until they were able to perform them at constant
amplitude without error. They were also instructed to keep their eyes

T value for A, B

vy

Fig. 2. Regions showing main effects of movement rate (A and B) and significant linear relationship between BOLD signal and increasing movement rate (C and
D) in the aged group. All regions are significant at the level of p<0.001, uncorrected. A, C: self-initiated movements; B, D: externally triggered movements in

this and subsequent figures.
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closed during MRI. Subjects had to (1) make finger-to-thumb
opposition movements in the order of index, middle, ring and little
fingers; (2) open and clench the fist twice; (3) complete finger-to-
thumb opposition movements in the opposite order (namely, little,
third, middle and index fingers); (4) once again open and clench the
fist twice; and (5) repeat the same series of movements for 40 s
during data acquisition. Each individual opposition movement and
pair of opening and clenching fist movement was counted as a single
movement. During Sl tasks, movement rates were set at very slow
(as slow as possible), slow, moderate (comfortable pace), fast and
very fast (as fast as possible) speeds. During ET tasks, movement
rates were set at 0.5, 1, 2, 3 or 4 Hz for all subjects. Subjects paced
their movements in response to a metronome, which consisted of a
clicking sound at precise time intervals and was delivered binaurally
to the subjects via air conduction through a pair of 2.5-m long plastic
tubes. During rest conditions, subjects were asked to lie down and
listen to the metronome used in the ET session. Movements were
performed for 40 s (activation) at a constant rate, followed by 40 s of
rest (baseline); the time-point to switch from movement to rest was
indicated by a voice signal. Movement rate conditions were pre-
sented in a pseudorandom order within an imaging series.
Consequently, there were a total of five baseline/activation cycles
(for the five different rates) per imaging series. Two consecutive
imaging series (one SI, and one ET) were conducted per subject. The
order of SI and ET movements was counter-balanced among the
subjects. Finger movements were recorded by digital video
recording, and exact movement rates were analyzed visually
through a video monitor. Two-way analysis of variance (ANOVA)
with repeated measures was performed to determine effects of
movement rates and tasks.

SMRI methods

Images were acquired on-a 1.5 T Magnetom SYMPHONY
(Siemens, Enlangen, Germany) whole body MRI system equipped
with a circular polarized volume head coil, as previously described
(Taniwaki et al., 2003; 2006). Initially, a set of localized images
was acquired to position the image slice. In each session, 100 EP1
multislice data sets were acquired (TE, 50 ms; TR, 4 s, flip angle,
90°; acquisition time for the whole paradigm, 400 s). Each
multislice data set contained 32 transverse slices (slice thickness,
3.0 mm; interslice gap, 1.0 mm; matrix, 64 x64; FOV, 23 cm). All
images were analyzed using SPM 2 Software (Wellcome
Department of Cognitive Neurology, London, UK). The first three
data sets of each time-series were discarded in order to allow the
MRI signal to reach equilibrium, and the remaining EPI volumes
were realigned against the first volume. Images were spatially
normalized against a standard template and smoothed using a
Gaussian kernel with 8-mm full width at half maximum (FWHM).
The design matrix was set using the box car reference waveform
(40-s epoch). The time-series in each voxel was high-pass filtered
(160-s cut-off) and scaled to a grand mean of 100 over voxels and
scans within each session.

Activation areas

Activation areas were determined as previously described
" (Taniwaki et al., 2006). In brief, statistical analysis was performed
in two stages. In the first stage, using a single subject fixed effect
model and parametric approach in SPM 2, three different rate—
response relationships could be identified: (1) categorical on—off

responses based on the differences between finger movement and
resting conditions regardless of movement rates (zero order term),
(2) linear responses in parallel with movement rate (first-order
term), and (3) non-linear relationship (second, third and fourth
order term) (Biichel et al., 1996, 1998). Each term was represented
by the interaction between a delta function and the average of
movement rates exerted during each epoch. The resulting
covariates were convolved with a canonical synthetic hemody-
namic response function and were used in a general linear model
(Friston et al., 1995), together with a single covariate representing
the mean (constant) term over scans. Parameter estimates for each
covariate resulting from the least mean squares fit of the model to
the data were calculated, and statistical parametric maps of the ¢-
statistic (SPM{r}), resulting from linear contrasts of each covariate
(Friston et al., 1995), were generated and stored as separate images
for each subject.

Table 2
Brain areas with more activation in aged subjects than in young subjects

Main effect Linear effect

Coordinates Coordinates

V4 x y z z x y z

ST movement

rPut n.s. : n.s.
rGPi n.s. n.s.
rVL n.s. n.s.
rVPL n.s. n.s.
rSMA n.s. n.s.
SMC n.s. n.s.
rPMv n.s. n.s.
ICB n.s. n.s.
IDN n.s. n.s.
1Put n.s. n.s.
1GPi n.s. n.s.
IVL n.s. n.s.
IVPL n.s. n.s.
ISMA n.s. n.s.
ISMC 3.89 =52 -16 54 n.s.
IPMv n.s. n.s.
CB n.s. n.s.
rDN n.s. n.s.
ET movement

rPut n.s. n.s.
rGPi n.s. n.s.
rvL n.s. n.s.
rVPL - ns. : n.s.
rSMA n.s. n.s.
rSMC n.s. n.s.
rPMv n.s. n.s.
ICB n.s. n.s.
IDN ns. n.s.
[Put n.s. n.s.
IGPi n.s. n.s.
IVL n.s. n.s.
IVPL n.s. n.s.
ISMA 4.08 -10 -18 40 n.s.
ISMC 483 -32 -24 56 n.s.
IPMv n.s. n.s.
rCB n.s. n.s.
rDN n.s. n.s.

Z-values refer to activation maxima within the respective region, p<0.001
uncorrected, height threshold Z>3.09.
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In order to create activation maps representing the main
effects of movement rates (Oth order), as well as the linear (Ist
order) and non-linear (2nd, 3rd and 4th order) changes in signals
in relation to movement rates, random-effect analysis was
performed (Friston et al., 1999). Data for the second stage of
analysis comprised pooled parameter estimates for each covariate
across all subjects. Contrast images for each subject were entered
into a one-sample ¢-test for each covariate of interest. The SPM{t}
values were thresholded at p<0.001 for mapping. For the
comparison of activation between the young and aged group, a
two-sample #-test model (p<0.001) was used. Anatomical labels
for coordinates in SPM2 (MNI brain template) were defined by
Talairach Daemon (http://ric.uthscsa.edu/projects/talairachdaemon.
html) after a non-linear transformation of the MNI brain template
to the Talairach atlas (http://www.mrc-cbu.cam.ac.uk/Imaging/
Common/mnispace.shtml). For SEM, ROIs were selected at the
local maxima from the first-order linear effect regardless of the
- tasks (Taniwaki et al., 2006). Therefore, we investigated the
following regions with the following coordinates in young
subjects: right putamen (Put) (28, —6, 0), right internal segment
of the globus pallidus (GPi) (10, —2, —2), right ventrolateral
nucleus of the thalamus (VL) (16, —14, 16), right ventro—
posterior-lateral nucleus of the thalamus (VPL) (18, —22, 6), right
supplementary motor area (SMA) (6, —2, 40), right sensorimotor

cortex (SMC) (48, —20, 52), right ventral premotor cortex (PMv)
(52, 2, 38), right dentate nucleus of the cerebellum (DN) (18,
—54, —22), right anterior lobe of cerebellar hemisphere (CB) (26,
—56, —26), and left Put (—=26, —14, 4), left GPi (-12, 0, 0), left
VL (=12, 12, 12), left VPL (=12, —20, 8), left SMA (-6, 0, 42),
left SMC (=40, —18, 58), left PMv (=56, 0, 32), left DN (—22,
=50, —22) and left CB (=30, —54, —22). In aged subjects, some
coordinates were also selected at the local maxima from the
subjects’ first-order linear effect regardless of the tasks: right
SMA (2, —4, 48), right SMC (42, —12, 54), right PMv (40, -8,
40), right DN (16, —52, —20), right CB (36, —66, —18), and left
VPL (22, —18, 12), left SMC (=50, —12, 44), left PMv (-56,
—8, 38), left DN (=8, —54, —-22) and left CB (—26, —68, —16).
Other ROIs were selected from the same coordinates in young
subjects.

Structural equation modeling

In this analysis, variables were considered in terms of the
covariance structure with parameters (interregional connection)
being estimated by minimizing the differences between observed
covariance and those implied by a predicted model. The model
consisted of anatomically separable regions, and connections were
specified between those regions and their directions. Anatomical

Fig. 3. Brain areas with more activation in aged subjects than in young subjects. Regions showing main effects of movement rate (A and B) and a significant
linear relationship between BOLD signal and increasing movement rate (C and D). All regions are significant at the level of p<0.001, uncorrected.
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regions comprised Put, GPi, VL, VPL, SMA, SMC, PMv, CB and
DN (Table 1). Connections between brain regions are based on the
neuroanatomical knowledge of BGTM and CC loops (Alexander
et al., 1990; Delong, 1990; Kelily and Strick, 2003) as described
previously (Taniwaki et al.,, 2006). The basal ganglia—thalamo—
motor (BGTM) loop comprises some cortical motor areas, in-
cluding the SMA, PMv and SMC, and several subcortical
structures such as the Put, GPi and VL. The Put is the input
nucleus of the basal ganglia and receives projections from SMA,
PMv and SMC. The GPi receives input from the Put and is
considered to be an output nucleus of the basal ganglia. In turn,
the VL receives projections from the GPi and completes the
circuit by projecting back to the SMA, PMv and SMC
(Alexander et al., 1990; Delong, 1990). In the cerebello-cerebral
(CC) loop, motor cortices such as SMC or PMv are target
structures of outputs from the CB via the DN and VPL, while
cerebellar inputs originate from these motor cortices (Kelly and
Strick, 2003). Between the two loops, SMA and PMv have
reciprocal interconnections with each other and project to SMC
(Barbas and Pandya, 1987; Johnson et al., 1996; Muakkassa and
Strick, 1979; Rizzolatti et al., 1998; Rowe et al.,, 2002). Re-
cursive connections from the cortex back to the thalamus have
also been documented in such a model (Delong, 1990; Grafton et
al., 1994). Since significant linear effects were observed in
bilateral hemispheres, it was decided to construct an anatomical
network for bilateral loops. Interhemispheric connections were
constructed by a primate study within motor cortices, such as the
SMC, PMv and SMA (Rouiller et al., 1994). A schematic
representation of all of the connections used in this study is
shown in Fig. 1.

fMRI signal changes were calculated using a single subject
fixed effect model. Averaged signal changes of baseline epochs
were subtracted from those of each task condition. fMRI data of
local maxima in each ROI were standardized to zero mean and to
unit variance for each participant (Bullmore et al., 2000; Kondo et
al., 2004). The individual time-series for each location were then
concatenated into a group matrix for path analysis and subsequent
group comparisons (n=1164) to obtain stable SEM model
solutions. Interregional correlations of activity between selected
regions were obtained and the pairwise correlations c;; for the ith
and jth regions constituted the (pxp) interregional correlation

matrix. The matrix was combined with a neuroanatomical model .

(Fig. 1) to compute structural equation models using LISREL 8.5
software (Scientific Software International, Inc, Lincolnwood, IL).
A maximum likelihood algorithm was used to fit the parameters.
Within-hemisphere functional networks were constructed at first,
and the functional network accounting for interhemispheric
interactions was calculated in the final stage (Mclntosh et al.,
1994). The influence of other connections could be estimated by
modification indices (Mclntosh and Gonzalez-Lima, 1994;
Mclntosh et al., 1994). Residual influences were set to 0.30 for
all regions. Statistical inferences from group differences were
based on a stacked model approach including an omnibus test.
This procedure determined the ¥* goodness-of-fit statistic for both
a null model, in which path coefficients are equally constrained
between conditions, and an alternative model, in which coeffi-
cients are allowed to differ (McIntosh et al, 1994). The
significance of differences between the models was expressed as
the difference in the x* statistic with degrees of freedom equal to
differences in the degrees of freedom for the null model and
alternative models (Mclntosh et al., 1994).

Results
Performance of subjects

During SI movements in aged subjects, very slow movements
were performed at a frequency of 1.00+£0.37 Hz (mean+SD),
slow movements were performed at a rate of 1.26+0.46 Hz,
moderate movements were performed at 1.75+£0.59 Hz, fast
movements were performed at 2.87+0.53 Hz, and very fast
movements were performed at 3.43+0.63 Hz. ET movement rates
were almost identical to the rates of the auditory triggers (0.5 Hz
trigger, 0.56+0.14 Hz; 1 Hz trigger, 0.98+0.04 Hz; 2 Hz trigger,
1.98+0.04 Hz; 3 Hz trigger, 2.94+0.09 Hz; 4 Hz trigger; 3.78+
0.16 Hz). In our previous reports of young subjects (Taniwaki et
al., 2006), very slow movements were performed at a frequency of

Table 3
Brain areas with more activation in young subjects than in aged subjects

Main effect Linear effect

Coordinates Coordinates

V4 x y z V4 x y z

ST movement

rPut n.s. 4.19 26 -8 -2
rGPi n.s. n.s.

rVL ns. 3.18 8 -14 2
rVPL n.s. 4.02 16 =22 6
rSMA n.s. 3.22 4 -2 42
1ISMC 3.55 56 -18 46 n.s.

rPMv n.s. n.s.

ICB n.s. n.s.

IDN n.s. n.s.

[Put n.s. n.s.

IGPi ns. n.s.

IVL n.s. ns.

IVPL n.s. n.s.

ISMA n.s. 3.19 —4 4 44
ISMC n.s. n.s.

IPMv n.s. n.s.

CB n.s. n.s.

1DN n.s. n.s.

ET.movement

rPut n.s. n.s.

1GPi n.s. n.s.

rVL ns. n.s.

rVPL n.s. n.s.

rSMA n.s. n.s.

rSMC n.s. n.s.

rPMv n.s. n.s.

ICB 3.84 -26 -50 =20 n.s.

IDN n.s. n.s.

1Put n.s. n.s.

IGPi n.s. ns.

IVL n.s. n.s.

IVPL n.s. n.s.

ISMA n.s. n.s.

ISMC n.s. n.s.

IPMv n.s. n.s.

CB ns. n.s.

rDN n.s. n.s.

Z-values refer to activation maxima within the respective region, p<0.001
uncorrected, height threshold Z>3.09.
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0.69+0.16 Hz (mean+SD), slow movements were performed at
1.0040.25 Hz, moderate movements were performed at 1.84+
0.58 Hz, fast movements were performed at 2.95+0.78 Hz, and
very fast movements were performed at 4.03+0.94 Hz during SI
movements; as in the present study, ET movement rates were
almost identical to the rates of the auditory triggers (0.5 Hz trigger,
0.51+0.02 Hz; 1 Hz trigger, 1.00£0.01 Hz; 2 Hz trigger, 1.99+
0.02 Hz; 3 Hz trigger, 3.01+0.07 Hz; 4 Hz trigger; 3.97+
0.07 Hz). No statistical difference was observed between young
and aged subjects (p=0.626 in SI movements and p=0.131 in ET
movements, determined by two-way ANOVA with repeated
measures), although there was a tendency toward slower move-
ment during the SI task and increased variability in frequency
during ET task in aged subjects compared with young subjects.

Foci of activation

Within group analysis in aged subjects

To separate regional activities within the same task but with
different rate~response functions, a parametric approach based on
orthogonal basic functions up to the fourth order was used. In the
study of main effects, both tasks caused significant activation in the
bilateral posterior Put, VL, VPL, SMA, SMC, PMv, DN, CB and
the right GP (Table I; Figs. 2A and B) in the aged subjects,

consistent with the results in young subjects previously reported
(Taniwaki et al., 2006).

A significant positive linear increase in the magnitude of the
BOLD response in parallel with rate of finger movement was seen
in the right SMC, PMv and DN, and the left VPL, SMC and PMv
during SI tasks (Table 1; Fig. 2C). There was a tendency toward a
linear increase in the activation of the left CB. In ET tasks, a
significant positive linear increase was detected in the right SMA,
left SMC, bilateral CB and DN, and a tendency toward a linear
increase in activation was observed in the right SMC and PMv
(Table 1; Fig. 2D).

Neither a significant non-linear rate-response function (2nd
order), nor a negative linear correlation in terms of a decline in
BOLD response in parallel with tapping rate, was documented in
BGTM or CC loops.

Berween-group analysis of brain activity

Compared with young subjects, aged subjects had greater
activation in the left SMC during SI tasks and in the left SMA
and SMC during ET tasks in a study of main effects (Table 2; Fig.
3). There was greater activation in the right SMC during ST tasks
and in the left CB during ET tasks in young subjects compared
with aged subjects in the main effects analysis (Table 3; Fig. 4).
In the analysis of linear effects, young subjects showed greater

T value
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Fig. 4. Brain areas with more activation in young subjects than in aged subjects. Regions showing main effects of movement rate (A and B) and a significant
linear relationship between BOLD signal and increasing movement rate (C and D). All regions are significant at the level of p<0.001, uncorrected.
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activation in the right Put, VL, VPL, SMA and left SMA during
SI movement.

Structural equation modeling

The results of mapping experiments on aged subjects suggest
that the bilateral motor cortices contribute more to the rate-
dependent motor processing than the subcortical motor loops. To
confirm this hypothesis, functional network analysis was performed.

Within-group analysis of structural equation modeling in aged
subjects

The omnibus test showed that the functional networks in the
right hemisphere and left cerebellum differed significantly between
the two tasks in aged subjects [3? diff(29)=387.37, p<0.001].
Functional interactions from the right SMC to the right VL, and
those from the right PMv to the right SMC were stronger during SI
tasks. There were moderate interactions from the right SMA to the
right SMC during both tasks (Table 5; Figs. 5C and D).

Functional networks in the left hemisphere and right cerebellum
differed significantly between the two tasks according to the
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omnibus test [* diff(29)=327.54, p<0.001]. Interactions from the
left GPi to the left VL were stronger during SI tasks, whereas those
from the left PMv to the left SMA were stronger during ET tasks.

Interhemisphere SEM in SI tasks resulted in a model that was
different from that generated during the ET task [x* diff(12)=
271.01, p<0.001]. Interactions from the left to right PMv were
stronger during SI movements; by contrast, the interactions from
the right SMA to the left SMC, those from the left to right SMC,
and those from the left SMA to right PMv were stronger during ET
tasks. Moderate interactions between both SMAs were observed in
both tasks.

Between-group analysis of structural equation modeling

The functional networks in the right hemisphere and left
cerebellum differed significantly between the two groups of
subjects according to the omnibus test of data collected during SI
tasks [y diff(29)=1078.72, p<0.001] and ET tasks [* diff(29)=
280.71, p<0.001]). During SI tasks, BGTM interactions from the
right SMA to the right SMC, via the right Put, right GPi and
right VL, were stronger in young subjects than in aged subjects,
whereas the interactions from the right SMA to the right SMC
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Fig. 5. Schematic representation of the results of structural equation modeling in young (A and B) and aged subjects (C and D). (A and C) Self-initiated
movements. (B and D) Externally triggered movements. Positive coefficients (solid arrows) indicate interactions in which an increase in activity in one area is
associated with an increase in activity in the other area. Negative coefficients (broken arrows) indicate opposite interactions.
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Table 4
Interregional corrélation coefficients (Pearson product-moment correlation (A) and path coefficients (B) during two different tasks in young subjects

rPut  rGP rVL rVPL SMA rSMC rPMv IDN ICB [Put  1GP IVL IVPL ISMA ISMC IPMv DN rCB

SI
rPut 1.00
rGP 0.53 1.00
rVL 0.05 026 1.00
rVPL 0.19 020 0.17 1.00
ISMA 024 006 0.11 0.00 1.00
SMC 000 0.04 033 006 -0.03 1.00
rPMv 0.10 —0.02 0.17 0.03 -0.01 0.21 1.00
IDN 025 016 000 0.17 004 000 -0.03 1.00
ICB 0.21 008 008 010 0.06 017 0.01 0.18 1.00
1Put 020 025 -0.01 022 -002 -0.12 0.07 016 0.02 1.00
IGP 0.14 016 0.14 0.17 -0.07 013 0.11 0.21 006 017 1.00
IVL 0.11 0.13 046 0.18 016 017 009 005 0.07 006 0.21 1.00
IVPL 0.11 0.16 028 033 009 001 003 015 0.02 016 0.6 042 1.00
ISMA  0.12 0.11 0.03 —-0.01 0.18 —-006 003 007 -005 0.08 000 0.14 0.04 1.00
ISMC 005 006 005 003 017 020 0.0l 0.12 007 —-003 004 016 006 0.02 1.00
IPMv 007 007 -0.02 0.2 015 003 -0.02 014 -002 0.07 009 -0.03 003 014 0.16 1.00
rDN 026 021 006 0.16 0.08 0.02 -0.02 043 021 0.10 021 016 0.06 003 007 002 1.00
CB 0.08 000 -0.09 —-0.08 006 001 —-003 005 029 006 —-002 0.02 -004 006 0.09 000 041 1.00

ET
rPut 1.00
GP 0.17 1.00
rVL -001 0.16 1.00
rVPL 001 018 035 1.00
SMA -002 014 017 0.08 1.00
SMC  0.11 0.10 012 010 0.13 1.00
rPMv 0.17 006 004 023 004 022 1.00
IDN 023 015 012 022 006 012 0.00 1.00
ICB 0.02 -0.06 0.16 004 009 028 008 026 1.00
1Put 0.16 0.09 0.07 011 0.11 0.11 0.11 014 0.00 1.00
IGP 010 019 020 0.8 014 006 004 0.11 0.05 0.13 1.00
IVL -0.10 023 025 021 015 003 016 003 000 008 0.15 1.00
IVPL 019 033 028 026 007 -001 017 0.19 002 014 026 050 1.00
ISMA  0.10 014 0.12 003 0.17 010 0.09 003 -003 002 012 014 0I5 1.00
ISMC 029 006 -0.12 -005 008 015 017 0.6 014 -004 —-003 002 010 0.10 1.00
IPMv 008 002 001 —-0.06 006 006 011 -006 008 0.08 003 001 004 0.1 0.05 1.00
DN 0.16 -0.12 -0.13 0.00 000 008 -003 033 018 0.1l 010 007 0.12 002 015 0.05 1.00
CB 0.05 -0.09 -004 000 -006 -004 000 0.10 022 -009 -002 003 -004 -006 008 -0.02 018 1.00

B
SI

Put - - - - 024 -003 010 - - - - - - - - - - -
GP 053 - - - - - - - - - - - - - - - - -
VL - 024 - - 008 022 009 - - - - - - - - - - -
VPL - - - - - 006 003 017 - - - - - - - - - -
SMA - - 008 - - - 002 - - - - - - 012 - 010 - -
ISMC - - 024 001 -006 - 016 - - - - - - -007 015 002 - -
PMv - - 013 000 -002 - - - - - - - - 003 -  —002 - -
IDN - - - - - - - - 018 - - - - - - - - -
ICB - - - - - 0.18 -0.03 - - - - - - - - - - -
Put - - - - - - - - - - - - - 007 -004 007 - -
1GP - - - - - - - - - 017 - - - - - - - -
IVL - - - - - - - - - - 021 - - 012 012 -007 - -
IVPL - - - - - - - - - - - - - - 009 -005 006 —
ISMA - - - - 0.14 - 002 - - - - 011 - - - 011 - -
ISMC - - - - 017 016 -002 - - - - 015 —-0.03 -003 - 017 - -
PMv - - - - 012 -  -001 - - - - =006 006 011 - - - -
DN - - - - - - - - - - - - - - - - - 04l
CB - - - - - - - - - - - - - 009 -002 - -

(continued on next page)
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Table 4 (continued)

rPut rGP rVL rVPL SMA SMC rPMv IDN

1Put IGP IVL IVPL ISMA ISMC IPMv DN CB

B
ET

rPut - - - - -0.04 008 015 -
GP 017 - - - - - - -
rVL - 0.14 - - 0.10 006 003 -
rVPL - - - - - 0.02 -0.02 0.21
SMA - - 014 - - - 003 -
SMC - - 0.07 001 011 — 021 -
PMv - - -0.07 026 0.02 - - -
IDN - - - - - - - -
ICB - - - - - 028 002 -
Put - - - - - - - -
IGP - - - - - - - -
IVL - - - - - - - -
IVPL - - - - - - - -
ISMA - - - - 013 - 007 -
ISMC - - - - -0.07 007 015 -
IPMv - - - - -0.05 - 0.08 -
DN - - - - - - - -
CB - - - - - - - -

. - - - 0.13 - 0.03 - -
- - - - 008 0.12 005 - -
_ - - - 0.06 - 0.08 - -

- 0.14 - - 009 003 000 - -
- - - - - -0.06 —-001 0.13 -
- - 01 - - - 008 - -
- - -0.07 014 008 - 0.04 - -

- - -0.03 004 008 - - -

008 -002 - -

and those from the right PMv to right SMC were stronger in
aged subjects. There were moderate interactions from the right
SMC to the right VL in both subjects. During ET tasks, entire
CC interactions from the left CB to the left CB, via the left DN,
right VPL, right PMv and right SMC, were stronger in young
subjects. By contrast, interaction from the right SMA to the right
SMC was stronger in aged subjects (Tables 4, 5; Fig. 5).

The omnibus test suggested that the functional networks of the
left hemisphere and right cerebellum are different between the
young and aged groups during both SI [ diff(29)=344.92,
p<0.001] and ET tasks [ diff(29)=255.01, p<0.001]. During SI
tasks, moderate interactions were seen from the left GPi to the left
VL in both groups. In addition, the interactions from the right CB
to the right DN were stronger in the young group than in the aged
group. During ET tasks, the interactions from the left PMv to the
left SMA were stronger in the aged group.

The results of interhemisphere SEM were different between
young and aged groups during both SI [x* diff(12)=2013.49,
p<0.001] and ET tasks [ diff(12)=2404.69, p<0.001]. Only the
old group showed moderate interactions between hemispheres.
During SI tasks, there were stronger interactions from the left PMv
to right PMv in the aged group. During ET tasks, interhemispheric
interactions from the left SMA to right PMv, those from the left
SMC to the right SMC and those from the right SMA to the left
SMC were stronger in the aged group. There were stronger
reciprocal influences among bilateral SMAs in the aged group
during both tasks.

Discussion

In the current study, we compared functional interactions within
the BGTM and CC loops between young and aged subjects using
fMRI combined with a parametric approach and SEM, during
sequential finger movements of SI and ET tasks. The major new
findings in aged subjects were as follows: (1) decreased
connectivity within BGTM loops during SI movements, (2)
decreased connectivity within CC loops during ET movements
and (3) increased connectivity within motor cortices and between
hemispheres during both types of movement.

Decreased connectivity within BGTM loop during SI task

Normal aging is characterized by impaired motor ability
(Calautti et al., 2001; Mattay et al., 2002; Sailer et al., 2000;
Welford, 1988). In particular, slowing of motor movements and
loss of fine motor skills are thought to reflect underlying age-
related degeneration in brain systems subserving motor function
(Smith et al., 1999). The basal ganglia are subcortical nuclei that
are thought to be motor structures involved in the timing of
movements (O’Boyle et al., 1996; Pastor et al., 1992, 2004), the
speed of movement and the acquisition of motor skills (Laforce
and Doyon, 2002; Vakil et al., 2000). Concerning the contribution
of lower sensorimotor processes to behavioral slowing in the
elderly, Kaasinen et al. (2000) have documented the decline of the
dopaminergic neurotransmitter system in the aging human brain
and, more specifically, the loss of dopamine receptors in the
striatum and extrastriatal regions, which is associated with a basic
impairment in motor functions (Volkow et al., 1998). These results
suggest decreased activity in the regions within the BGTM loop in
aged subjects.

Although several functional brain imaging studies have
reported age-related changes in human motor system, only a
few studies have reported age-related changes in the striatum. In
an fMRI study of a visually paced button press task using the
right hand, aged subjects showed additional areas of activation in
the bilateral Put (Mattay et al., 2002). Aged subjects showed
greater activation in the ipsilateral Put and less activation in the
contralateral Put, when either making a fist or opposing the
thumb and index finger with left hand (Fang et al., 2005). Studies
of self-initiated, memorized sequential right finger movements
(Wu and Hallett, 2005), visually paced isometric hand grip tasks
using each hand (Ward and Frackowiak, 2003), auditory paced
finger and wrist movements of each hand (Hutchinson et al.,
2002) and auditory paced thumb to index tapping with either
hand (Calautti et al., 2001) failed to show any age-related change
in the activation of the striatum. Thus, the results of previous
functional brain imaging studies were inconsistent. Basically,
these studies performed categorical comparisons of fMRI and
PET data and could only show the change in activation in each
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Table 5
Interregional correlation coefficients (Pearson product-moment correlation (A) and path coefficients (B) during two different tasks in aged subjects

rPut GP VL r'VPL SMA rSMC 1PMv IDN ICB [Put  IGP IVL IVPL ISMA ISMC IPMv DN 1CB

SI

rPut 1.00

GP 0.19 1.00

rVL 0.18 0.16 1.00

rVPL 0.27 0.20 0.29 1.00

rSMA 0.05 0.02 0.02 0.02 1.00

SMC 0.17 0.08 0.26 0.21 0.30 1.00

rPMv 0.10 0.13 0.19 0.11 0.12 0.29 1.00

IDN 0.08 0.05 0.19 0.18 0.10 0.21 0.14 1.00

ICB 0.00 0.03 0.15 0.04 -0.02 0.05 -0.04 0.15 1.00

IPut 0.25 0.22 0.13 0.18 -0.05 0.03 0.18 0.13 0.10 1.00

1GP 0.21 0.30 0.27 0.19 0.09 0.06 0.15 0.05 0.10 0.17 1.00

IVL 0.13 0.24 0.54 0.27 0.00 0.10 0.11 0.15 0.16 0.18 0.30 1.00

IVPL 0.25 0.22 0.38 0.28 0.01 0.12 0.15 0.15 0.19 026 027 0.52 1.00

ISMA 0.09 0.09 -0.01 0.04 0.55 0.21 0.14 007 -0.07 0.02 0.06 -0.02 0.01 1.00

ISMC 0.06 0.06 0.04 0.07 0.03 0.09 0.19 009 -0.02 0.12 0.06 0.04 0.13 0.12 1.00

IPMv 0.16 0.21 0.18 0.16 0.09 0.19 0.28 0.14 0.00 0.08 0.11 0.15 0.08 0.20 0.17 1.00

DN 0.08 0.05 0.15 0.11 0.09 0.20 0.20 037 0.2t 0.05 0.04 0.13 0.10 0.04 0.05 0.10 1.00

rCB -0.01 0.04 0.05 0.01 -0.05 -0.01 -0.04 0.11 0.49 0.12 -0.01 0.12 022 -0.04 0.02 -0.04 0.13 1.00
ET

rPut 1.00

rGP 0.06 1.00

rVL 0.13 0.00 1.00

rVPL 0.15 0.16 0.20 1.00

rSMA 0.08 0.00 0.06 0.08 1.00

rSMC 0.03 0.00 0.04 0.08 0.46 1.00

PMv 0.05 0.09 0.03 0.10 0.24 0.20 1.00

IDN 0.12 0.08 0.17 0.13 0.07 0.15 0.09 1.00

ICB 0.04 0.03 0.10 0.01 0.12 -0.02 -0.05 0.10 1.00

[Put 0.09 0.20 0.13 0.26 0.06 0.02 0.03 0.11 0.09 1.00

IGP 0.16 0.21 0.09 0.17 0.01 0.05 0.01 0.08 0.07 0.10 1.00

IVL 0.12 0.11 0.53 0.19 0.13 0.09 0.07 0.17 0.09 0.16 0.05 1.00

IVPL 0.15 0.02 0.28 0.21 0.04° 0.01 0.05 0.14 0.01 020 0.08 0.33 1.00

ISMA 0.16 0.01 0.07 0.00 0.49 0.20 0.28 0.08 0.04 0.03 -0.02 0.08 0.13 1.00

ISMC 0.07 -0.05 0.18 0.09 0.36 0.34 0.07 0.10 0.18 0.10 0.08 0.11 0.09 0.18 1.00

IPMv 0.11 0.08 0.11 0.09 0.15 0.03 0.15 005 -0.03 0.08 0.03 0.08 0.17 0.26 0.11 1.00

DN 0.12 0.04 0.10 0.20 -0.07 0.00 0.03 0.28 0.12 0.11 -0.07 0.14 0.12 -0.01 0.03 —-0.01 1.00

CB 0.02 0.03 0.10 -0.01 -0.12 -0.13 0.00 0.03 0.33 0.05 0.01 0.05 -0.04 0.01 -0.02 0.04 0.06 1.00

B
S
rPut - - - - 000 015 005 - - - - - - - - - - -
GP 019 - - - - - - - - - - - - - - -
VL - 013 - - =006 020 008 - - - - - - - - - - -
VPL - - - - - 001 001 018 - - - - - - - - - -
SMA - - 000 - - - 009 - - - - - - 041 -  -002 - -
ISMC - - 011 015 027 - 021 - - - - - - 018 004 015 — -
PMv - - 013 007 009 - - - - - - - - 008 - 020 - -
IDN - - - - - - - - 0.15 - - - - - - - - -
ICB - - - - - 007 -006 - - - - - - - - - - -
1Put - - - - - - - - - - - - - -001 oIl 006 - -
IGP - - - - - - - - - 017 - - - - - - - -
IVL - - - - - - - - - - 029 - - =005 004 008 - -
IVPL - - - - - - - - - - - - -007 010 009 -
ISMA - - - - 039 - 006 - - - - 003 - - - 016 - -
ISMC - - - - 000 003 018 - - - - 009 018 009 - 015 - -
PMv - - - - 007 - 021 - - - - 0.14 -0.02 015 - - - -
DN - - - - - - - - - - - - - - - 013
1CB - - - - - - - - - - - - - 003 -004 - -

(continued on next page)
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Table 5 (continued)

rPut GP VL rVPL rSMA SMC rPMv IDN

IPut IGP IVL IVPL ISMA ISMC IPMv DN rCB

B
ET

rPut - - - - 0.08 -0.01 003 -
GP 006 - - - - - - -
rVL - 000 - - 0.04 0.01 002 -
rVPL - - - - - 0.02 000 0.13
ISMA - - 004 - - - 0.18 -
SMC - - 000 003 044 - 0.09 -
rPMv - - -0.01 009 018 -~ - -
IDN - - - - - - - -
ICB - - - - - -0.01 -005 -
1Put - - - - - - - -
IGP - - - - - - - -
IVL - - - - - - - -
IVPL - - - - - - - -
ISMA - - - - 033 - 012 -
ISMC - - - - 0.31 0.11 -003 -
IPMv - - - - 012 - 0.10 -
DN - - — - - - - -
CB - - - - - - - -

0.01 - -

- - - - 037 -
- - - - 016 028 -004 - -
- - - - 022 - 006 - -

0.10 - - - - - - - - -

- - - -0.01 009 007 - -

- 004 - - 004 007 006 - -
- - - - - 005 003 012 -
- - 004 - - - 020 - -
- - 006 003 016 - 006 - -

- - 000 014 018 - - -

- - - - - -002 004 - -

region. Instead, we used correlation data based on rate-dependent
movements and SEM. SEM has provided new insights into task-
specific functional networks (Grafton et al., 1994; McIntosh and
Gonzalez-Lima, 1994, Mclntosh et al., 1994). Our approach
provides additional information about brain physiology such as
rhythm formation, motor preparation and motor execution that is
not always apparent in the results of categorical comparisons of
fMRI data (Taniwaki et al., 2006). Consistent with clinical (Smith
et al,, 1999) and pathological studies (Kaasinen et al., 2000;
Volkow et al., 1998), our current mapping study shows less
activation in the right Put, VL and bilateral SMA in the aged
group compared with the young group during SI movements. Our
SEM results further indicate an age-dependent decline in
connectivity within BGTM loops during SI tasks. To our
knowledge, we are the first to show an age-related decrease in
connectivity within the BGTM loop. Our aged group also showed
the tendency toward slower movement during the SI task.
Because the BGTM loop is suggested to play an important role in
central timing processes (in the SMA, basal ganglia and VL) and
execution processes in the SMC (Taniwaki et al., 2003; 2006),
age-related decline of either central timing processes and/or
execution processes might reflect the decreased connectivity
within BGTM loop and slower movement during the SI task.

Decreased connectivity within the CC loop during ET tasks

The cerebellum also plays an important role as a motor structure
(Casini and Ivry, 1999; Ivry et al., 1988; Laforce and Doyon, 2002)
and is involved in the execution of fine motor skills which are lost
during aging (Smith et al., 1999). Anatomically, significant changes
are observed with age in the anterior lobe, where a selective 40% loss
of both Purkinje and granule cells was observed in the cerebellum.
Furthermore, a 30% loss of volume, mostly due to loss of cortical
volume, was observed in the anterior lobe, which is predominantly
involved in motor control (Andersen et al., 2003). Thus, decreased
activity within the CC loop can be predicted.

Several functional brain imaging studies have reported age-
related changes in the cerebellum. fMRI studies of a visually paced
button press task using right hand (Mattay et al., 2002) and self-

initiated, memorized sequential right finger movements (Wu and
Hallett, 2005) demonstrated greater activation in the bilateral
cerebellar cortex in aged subjects compared with young subjects.
In an fMRI study of a visually paced isometric hand grip task using
each hand, aged subjects showed additional areas of activation in
the cerebellar vermis (Ward and Frackowiak, 2003). By contrast,
aged subjects showed less activation in bilateral cerebellum by
auditory paced right finger or wrist movement and in the left
cerebellum during left wrist movement compared with young
subjects in an fMRI study (Hutchinson et al., 2002). A PET study
also showed no age-related change in the cerebellum during
auditory paced thumb to index tapping with either hand (Calautti et
al., 2001). Previous imaging studies of regional activation in the
cerebellum have failed to show consistent results, though the tasks
were different from each other.

Consistent with clinical study (Smith et al., 1999) and anatomical
study (Andersen et al., 2003), our SEM results indicate an age-
dependent decline in connectivity within CC loops during ET tasks.
Our aged group also showed the tendency toward increased
variability in frequency in the ET task. Because the CC loop is
involved in the functions of the cerebellum in monitoring and
adjusting inputs from SMC, as well as motor planning processes in
the PMv and execution processes in the SMC (Taniwaki et al., 2003;
2006), age-related alteration in these functions might bring about not
only decreased connectivity within the CC loop, but also the
tendency toward increased variability in frequency.

Increased connectivity within motor cortices

Our SEM showed increased connectivity within motor cortices
and between cerebral hemispheres. In SI tasks, moderate interac-
tions were observed from the right SMA to the right SMC, from
the right PMv to the right SMC, and the left PMv to right PMv in
the aged subjects. Bilateral SMAs showed moderate positive
reciprocal influences. The role of the SMA in behavior remains
elusive, but many functions have been ascribed to this region
including internal planning (Tanji and Shima, 1994), timing
(Macar et al., 2004), sequencing (Shima and Tanji, 1998) and
action retrieval (Chen et al., 1995). Our results from the ET tasks
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showed that aged subjects have stronger interactions among the
bilateral PMv, SMA and SMC, which reflect motor planning
processes in the PMv and execution processes in the SMC. Since
this connectivity in the aged group includes neither the basal
ganglia nor the cerebellum, intercortical interactions might be
strengthened for good motor performance.

Interhemispheric interactions were more obvious in aged
subjects than in young subjects. It is possible that these
interhemispheric interactions represent either transcallosal inhibi-
tion or facilitation. SEM results need to be interpreted carefully
because of methodological limitations. We cannot always
interpret a positive path coefficient as an excitatory influence
and a negative path coefficient as inhibitory (Mclntosh and
Gonzalez-Lima, 1994). Instead, positive and negative path
coefficients measure signs of covariance relationships among
the structures of a network. Our finding of stronger interhemi-
spheric interactions in aged subjects could be regarded as
reflecting quantitative changes within a functional network that
may be comparable to reduced functional lateralization in the
aged motor cortex (Naccarato et al., 2006). These differences
might be more related to the greater demands in aged subjects on
maintaining and updating working memory, attending to multiple
actions and/or response conflict monitoring.

Previous imaging studies have shown greater activation of motor
cortices in elderly subjects, in both spatial extent and magnitude
(Esposito et al., 1999; Grady, 2000; Hutchinson et al., 2002; Mattay
et al., 2002; Wu and Hallett, 2005). A recent study using rTMS and
PET reported enhanced local effective connectivity between motor-
related areas in aged subjects (Rowe et al., 2006). Our current results
also showed increased connectivity within motor cortices and
between hemispheres. Several imaging studies of motor behavior
provide support for the interpretation that greater activity is a
compensatory response to increased functional demands (Hutch-
inson et al., 2002; Mattay et al.,, 2002; Wu and Hallett, 2005),
although a recent study did not support this interpretation (Riecker et
al., 2006). The increased interactions within motor cortices in our
elderly subjects may also be a consequence of the reorganization and
redistribution that takes place in brain circuitry in response to
neurodegeneration (Mattay et al., 2002; Wu and Hallett, 2005). It is
possible that increased connectivity within motor cortices is the
product of a breakdown in local inhibitory processes, secondary to
neural degeneration leading to intracortical disconnectivity (Mattay
et al., 2002).

Concluding remarks

A combined use of sequential finger movements, fMRI and SEM
enabled us to visualize the effects of age on functional connectivity
within motor loops in the basal ganglia and cerebellum during
motor execution. Different functional interactions within cortico-
subcortical loops and intracortical loops were demonstrated. The
functional changes that occur in the BGTM and CC loops in
neurological disorders remain to be determined; analysis of patients
with Parkinson’s disease, currently progress in our laboratory, will
help to address this question.
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